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 Visual working memory (VWM) involves maintaining and processing visual 
information, often for the purpose of making immediate decisions. Neuroimaging 
experiments of VWM provide evidence in support of a neural system mainly 
involving a fronto-parietal neuronal network, but the role of specific brain areas is 
less clear. A proposal that has recently generated considerable debate suggests 
that a dissociation of object and location VWM occurs within the prefrontal cortex, 
in dorsal and ventral regions, respectively. However, re-examination of the 
relevant literature presents a more robust distribution suggestive of a general 
caudal-rostral dissociation from occipital and parietal structures, caudally, to 
prefrontal regions, rostrally, corresponding to location and object memory, 
respectively. 
The purpose of the present study was to identify a dissociation of location 
and object VWM across two imaging methods (magnetoencephalography, MEG, 
and functional magnetic imaging, fMRI). These two techniques provide 
complimentary results due the high temporal resolution of MEG and the high 
spatial resolution of fMRI. The use of identical location and object change 
detection tasks was employed across techniques and reported for the first time. 
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Moreover, this study is the first to use matched stimulus displays across location 
and object VWM conditions.  
The results from these two imaging methods provided convergent 
evidence of a location and object VWM dissociation favoring a general caudal-
rostral rather than the more common prefrontal dorsal-ventral view. Moreover, 
neural activity across techniques was correlated with behavioral performance for 
the first time and provided convergent results. This novel approach of combining 
imaging tools to study memory resulted in robust evidence suggesting a novel 
interpretation of location and object memory. Accordingly, this study presents a 
novel context within which to explore the neural substrates of WM across 
imaging techniques and populations.  
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1.1  Background 
 The ability to retain visual information in memory over brief time periods is 
necessary for accomplishing daily goal-directed tasks. Most often, the duration of 
retention required for accomplishing these tasks is short and it is referred to as 
visual short-term memory (VSTM). One empirically established approach for 
studying VSTM is through a change detection (CD) paradigm, which tests for the 
memory of visual objects by: (1) the presentation of a stimulus display of objects, 
(2) followed by a delay, and (3) a test display with a changed object. The CD 
paradigm allows for the adjustment of task parameters such as stimulus duration, 
delay time, item complexity, and the type of information (for example, identities of 
objects vs. their locations) to study VSTM. In the following sections, we review 
the basic aspects of brief visual memory, including efforts to outline its neural 
substrates. 
In 1974, Baddeley and Hitch differentiated between the concept of VSTM 
and that of visual working memory (VWM). According to them, in addition to 
encoding and maintenance, VWM involves the mental manipulation of 
information held in VSTM. VWM is a limited capacity system in that only a 
restricted amount of information may be maintained and manipulated as is the 
case in processing linguistic information, mental calculation, or matching a 
mental representation to a visual stimulus, which is the essence of the CD 
paradigm. On the basis of deficits observed in clinical populations, the neuronal 
basis of VWM appears to be composed of constituent parts. Previous studies of 
VWM have found significant deficits among patients across a wide range of 
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disorders affecting different brain regions, including Alzheimer’s disease, 
Parkinson’s disease, multiple sclerosis, schizophrenia, Huntington’s disease, and 
dyslexia (e.g., Baddeley et al., 1986; Lange et al., 1995; Litvan et al., 1988; 
Morris et al., 1988; Park & Holzman, 1992; Rutkowski et al., 2003). Further 
support for the notion that VWM consists of different operations, each associated 
with different brain mechanisms, comes from studies of patients with selective 
lesions in the frontal, temporal, and parietal lobes (e.g., Frisk & Milner, 1990; 
Owen et al., 1990; Pisella et al., 2004).  
Neuroimaging studies of VWM have primarily focused on imaging the 
brain during the maintenance period during which visual information is 
maintained in mind. Generally, findings from research involving a variety of VWM 
tasks (including CD) have identified a network of brain regions comprised of the 
lateral prefrontal and parietal cortices bilaterally (e.g., Cabeza and Nyberg, 2000; 
Cohen et al., 1997; Courtney et al., 1997; D'Esposito et al., 1998; Haxby et al., 
2000; Linden et al., 2003; Mottaghy et al., 2003; Munk et al., 2002; Pessoa et al., 
2002; Postle and D'Esposito, 1999; Postle et al., 2000; Smith & Jonides, 1998). 
This fronto-parietal network, termed the central executive network (CEN) (Seeley 
et al. 2007), plays a central role in VWM, although it is posited that parietal 
regions also play a role in memory capacity (e.g., Todd & Marois, 2004; Vogel & 
Machizawa, 2004) while additional prefrontal regions likely play a more executive 
role in the organization of visual information (e.g., Curtis & D’Esposito, 2003; 
Levy & Goldman-Rakic, 2000). However, the degree to which components of this 
network are further separable has yet to be elucidated. Importantly, it remains 
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unclear whether the maintenance involved in this network processes different 
aspects of visual information, that is, object identities versus object locations.  
The distinction of cortical systems specific to the encoding of locations and 
object identities was initially described by Ungerleider and Mishkin (1982) on the 
basis of findings from neuroanatomical and behavioral experiments in monkeys. 
Subsequently, studies using monkeys described the two systems as divergent 
pathways, the one involving occipito-temporal regions constituting the ventral 
stream or the “what” pathway responsible for visual object identities and the 
other, involving the occipito-parietal regions as the dorsal stream or the “where” 
pathway, responsible for processing the location of visual objects (e.g., Ettlinger, 
1990; Livingstone & Hubel, 1987; Mishkin et al., 1983). Studies from human 
patients seem to support this separation. For example, a patient with agnosia 
(patient D.F.) sustained lesions in occipito-temporal areas bilaterally and was 
shown to have deficits in object perception but intact location processing (Milner 
et al., 1991). The convergent evidence from both human and non-human primate 
studies was later confirmed by human brain mapping studies using functional 
magnetic resonance imaging (fMRI) and positron emission tomography (PET), 
which identified analogous neuroanatomical correlates of location and object 
identity perception in the parietal and temporal cortices, respectively (e.g. Allison 
et al., 1994; Haxby et al., 1991; Sergent et al., 1992). Taken together, the 
aforementioned findings revealed neural substrates that dissociate visual 
information processing concerning location and object identity at an early stage 
of stimulus processing following the visual input.  
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In monkeys, the dorsal pathway was shown to extend from Area PG 
(parietal area PG, caudal part of the inferior parietal lobule) to dorsolateral 
prefrontal areas while the ventral path extends from Area TE (temporal area, 
caudal part of the inferotemporal cortex) to ventrolateral prefrontal regions 
(Macko et al., 1982). Subsequent lesion studies using non-human primates 
provided concordant evidence for this dorsal-ventral separation of pathways in 
the prefrontal cortex (Bachevalier & Mishkin, 1986; Desimone & Ungerleider, 
1989). Human studies do not afford the same level of focal sensitivity due to the 
investigator’s inability to induce permanent lesions, which may explain why the 
extension of these two pathways to specific prefrontal regions in humans has yet 
to be established. 
What can be said about the human neural correlates in regards to object 
and location VWM? The concept of a domain-specific separation of VWM on the 
basis of the information (object or location) remembered dates back to the late 
20th century. In an attempt to establish a domain-specific segregation of 
pathways in VWM similar to that described by for perceptual encoding 
Ungerleider and Mishkin’s (1982), fMRI and PET studies sought to identify a 
dorsal-ventral separation of pathways for location and object identity memory 
within the prefrontal cortex involving the ventrolateral prefrontal cortex (VLPFC), 
the dorsolateral prefrontal cortex (DLPFC), and other prefrontal regions (e.g., 
Courtney et al., 1998; Smith et al., 1996). Additionally, an alternative model 
suggested the existence of a left-right dissociation extending across the entire 
brain, which was associated with WM for object identities and locations, 
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respectively (e.g., D’Esposito et al., 1998; Smith et al., 1995). Several meta-
analyses provided evidence in favor of both views (Cabeza & Nyberg, 2000; 
Courtney et al., 1998; Levy and Goldman-Rakic, 2000; Owen, 2000), thus 
ultimately failing to provide unequivocal support for the one view over the other. 
Specifically, some early neuroimaging experiments generated results favoring a 
dorsal-ventral domain-specific separation in the prefrontal cortex (e.g., Courtney 
et al., 1996; Jonides et al., 1993), while others reported results which were not in 
agreement with this separation (e.g., Duncan & Owen 2000; Owen et al., 1999). 
As a result of such conflicting findings, the dorsal-ventral separation within the 
prefrontal cortex was de-emphasized in later studies, which involved post-hoc 
analysis of prefrontal dorsal-ventral structures (e.g., Mohr et al., 2006; Sala et al., 
2003). Most fMRI and PET studies which claimed a dorsal-ventral separation in 
the prefrontal cortex focused on only one or two regions dorsally, corresponding 
to location memory, and only one or two regions ventrally, corresponding to 
object identity memory. But there is variability in the specific regions responsible 
for these two different aspects of VWM. For example, memories for object 
identities were shown to involve Brodmann area 10 (Ba 10) of the inferior frontal 
gyrus (IFG) in one instance (e.g., Mohr et al., 2006) and Brodmann area 46 (Ba 
46) of the middle frontal gyrus (MFG) in another (e.g., Sala et al., 2003). This 
divergence in findings may in part be attributable to differences in task design 
and cognitive requirements across studies, though, within each independent 
study, task differences are minimal with specific task demands typically 
corresponding to object memory or location memory only (e.g., Harrison et al., 
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2010; Sala & Courtney, 2007). Therefore, the divergence of the findings in favor 
of a prefrontal dorsal-ventral dissociation in addition to those studies which report 
conflicting results suggests that a spatially defined prefrontal dorsal-ventral 
dissociation for location and object identity memory may likely not exist. In fact, a 
reexamination of the relevant studies suggests that more rostral regions, 
primarily within the prefrontal cortex, were associated with object identity memory 
while more caudal regions extending from occipital and parietal regions to 
posterior frontal regions were associated with location memory. Importantly, a 
meta-analysis of early PET and fMRI studies of VWM and attention/perception by 
Ungerleider (1995) actually suggests a general caudal-rostral dissociation 
independent of the prefrontal dorsal-ventral one outlined by the author. More 
recent fMRI studies focusing on location and object identity memory using simple 
objects or pictures implicate a similar caudal-rostral interpretation (Borowsky et 
al., 2005; Harrison et al., 2010; Mohr et al., 2006; Sala & Courtney, 2007; Sala et 
al., 2003). Moreover, a study by Leung and Alain (2011) of auditory working 
memory in the context of location and object identity resulted in findings which 
coincide with a caudal-rostral distinction of location and object identity working 
memory, suggesting that this functional gradient in the brain may extend across 
sensory modalities. Figure 1.1 illustrates both the prefrontal dorsal-ventral view 
(A) and the proposed general caudal-rostral view (B) of location and object VWM 
dissociation. 
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Figure 1.1 Views of domain-specific VWM dissociation 
An illustration of two separate views of location and object identity dissociation.  A. Prefrontal dorsal-ventral 
view of dissociation corresponding to location and object identity memory, respectively. B. General caudal-
rostral view of dissociation corresponding to location and object identity memory, respectively. 
Though a preponderance of functional imaging studies support a 
prefrontal dorsal-ventral separation, findings vary by hemisphere and by the 
anatomical extent of activation within the prefrontal cortex. Generally, a more 
consistent interpretation of location and object identity VWM across studies 
suggests that more caudal structures such as the middle occipital gyrus (MOG), 
the inferior parietal lobule (IPL), superior parietal lobule (SPL), Brodmann area 
40 (Ba 40), and even some posterior frontal structures such as the frontal eye 
field (FEF), and the superior frontal sulcus (SFS) are associated with location 
memory. Conversely, rostral areas in the prefrontal cortex, such as Brodmann 
area 10 (Ba 10), Brodmann area 44 (Ba 44), Brodmann area 46 (Ba 46), and 
Brodmann area 9 (Ba 9) in the inferior and middle frontal gyri appear to be 
associated with object memory (Figure 1B). These associations are examined in 
studies during the delay period when no visual stimulus is present and visual 
information is maintained in mind. Accordingly, brain regions associated with the 
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primary visual response are typically not reported when comparing location and 
object identity VWM. 
While empirical evidence suggests that location or object identity memory 
are subserved by distinct brain regions, there is likely overlap across these two 
types of cognitive operations in all or most of the regions identified. For example, 
a brain region implicated in the maintenance of object memory may also play a 
role in the processing of location memory, but perhaps to a lesser degree. This 
point of clarification is critical when discussing dissociable brain regions based on 
function. Indeed, overlap in function may be assessed on the basis of several 
parameters, including the time of regional engagement, or intensity of regional 
activation, in response to an exogenous stimulus. Especially when one considers 
the spatial and temporal imprecision and general noise associated with imaging 
techniques, it is unlikely that an all-or-nothing association between function and 
brain region exists, particularly within the context of object and location WM. With 
regards to the nature of items in space, it is impossible to completely dissociate 
the two fundamental properties which all visual items share, namely an item’s 
location and its’ identity. These two components are necessary in order to 
separate one item from the next during simultaneous presentation. As such, it is 
not surprising that imaging studies report spatially overlapping regions of 
activation (irrespective of activation amplitude) associated with both location and 
object identity memory. While it has been shown that visual information is 
encoded in separate dorsal-ventral streams on the basis of object identities or 
locations, it is unlikely that information pertaining to the opposing stream is not 
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processed concurrently, even at relatively low activation levels. Therefore, within 
a caudal-rostral interpretation of location-object VWM, it is likely that there will 
exist some regional overlap for object identity memory, namely within caudal 
regions (e.g., MOG, IPL, SPL). Similarly, some activation corresponding to 
location memory may be observed in more rostral regions (e.g., Ba 44, 46, 9, 
10). This is in agreement with several fMRI studies which report time-course 
plots demonstrating significant activation for both object and location memory 
across caudal and rostral regions (Harrison et al., 2010; Mohr et al., 2006; Sala & 
Courtney, 2007; Sala et al., 2003). 
To make direct comparisons between a location memory condition and an 
object identity memory condition, the use of identical visual displays across 
conditions is necessary, which is reported here for the first time. Moreover, only a 
few studies have combined location and object identity memory requirements 
within a single condition when attempting to dissociate the neural correlates of 
these two types of memories (Sala & Courtney, 2007; Harrison et al., 2010). By 
testing for maintenance specific to locations or object identities in the context of a 
third condition, which directly combines these two aspects, an effect of condition 
may be studied. Specifically, Sala and Courtney (2007) used object and location 
trials as well as a combination of the two (AND condition) and found that the 
hemodynamic response associated with the AND condition varied across time in 
various prefrontal regions but remained in-between the activation levels for the 
object condition and the location condition. This finding suggests a split-resource 
model of object and location memory and showed how the amount of domain-
11 
 
specific information was combined across conditions. This condition and 
approach was used in the experiments reported here to aid in disambiguating the 
neural correlates associated with location and object identity memory. 
1.2  Objectives & Hypotheses 
The overarching goal of the work presented in this dissertation is to 
identify a caudal-rostral framework of location and object identity VWM by 
examining VWM in the context of a CD task with two imaging modalities, fMRI 
and magnetoencephalography (MEG). This was done by addressing three key 
objectives: 
1) To verify the dissociation of location and object identity VWM. 
 
2) To provide convergent evidence from two complementary imaging 
methods on location and object identity VWM for the first time. 
 
3) To determine if a general caudal-rostral dissociation of location and 
object identity memory exists in contrast to a prefrontal dorsal-ventral 
dissociation. 
To explore and demonstrate these dissociations, four different CD 
conditions were tested and directly compared within each imaging method. 
Importantly, only the delay period between stimulus displays was considered as 
that period corresponds to VWM operations. One of the four VWM conditions 
was an object-change condition and another condition was a location-change 
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condition with trial-matched displays across both conditions. A third condition 
referred to as an OR condition required subjects to remember both objects and 
locations and also used trial-matched displays identical to those used in the 
object and location change conditions. Finally, a fourth condition referred to as a 
location only condition required subjects to remember object locations while 
reducing the object information by using a single color within individual trials. It is 
possible to include the exact same unique stimulus displays across all conditions 
such that a direct comparison of a trial unique configuration between the 
conditions would yield a result based unequivocally on the occurred change. 
Importantly, this approach of matched stimulus displays across conditions is 
described for the first time and reported here.  
1.3  Dissertation Organization 
In Chapter 2, the neural correlates associated with each condition 
mentioned above were described using fMRI. A simple multiple regression 
analysis of the hemodynamic response was employed to analyze each condition 
prior to comparing conditions directly. Main effects of task condition were 
identified and reported. 
In Chapter 3, an approach similar to chapter 2 was utilized for all four 
conditions and described using MEG. A distributed source spatial filter 
(beamformer) was applied to the theta range (3-9 Hz) of the MEG signal to 
localize brain activity associated with each condition. A direct comparison of all 
13 
 
four conditions was used to identify a distributed network of object and location 
memory. 
Finally, in Chapter 4, memory performance correlated with brain activity 
derived by MEG and fMRI was described. These results show functional 
significance of critical brain regions and present a comparison of behaviorally 
correlated memory activity across these two imaging techniques reported here 
for the first time. 
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CHAPTER 2 
UTILIZING FMRI TO STUDY OBJECT AND LOCATION MEMORY 
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2.1  INTRODUCTION 
The VWM literature utilizing fMRI and PET has attempted to establish a 
model of dissociation corresponding to VWM for locations and object identities. 
Several early human PET studies have reported a functional dissociation 
between location and object identity memory (e.g., Courtney et al., 1996; Kohler 
et al., 1998; Moscovitch et al., 1995). Similarly, a domain-based segregation has 
also been reported in early fMRI studies (e.g., McCarthy et al., 1996; Petrides et 
al., 1993). The majority of these studies explored spatial and object memory 
under the influence of the original findings of Mishkin and Ungerleider (1982), 
which suggested a prefrontal dorsal-ventral location-object separation. Based on 
work with monkeys using single-unit recordings and lesion methods, it has been 
shown that both dorsal and ventral regions within the prefrontal cortex respond to 
location and object memory respectively (Funahashi et al., 1989; Funahashi et 
al., 1993; Petrides, 1995; Rushwroth et al., 1997). However, other studies 
employing similar techniques with monkeys have found contrary results (Levy & 
Goldman-Rakic, 1999; Passingham, 1985). 
An early review of the WM literature by Levy and Goldman-Rakic (2000) 
suggested domain-specific differences existed within the prefrontal cortex 
corresponding to the maintenance of spatial and object information. While no 
definite conclusions were drawn, it was suggested that each domain (location 
and object) was separable within the prefrontal cortex. Later, a meta-analysis by 
Wager and Smith (2003) of 60 fMRI and PET studies on WM found no evidence 
in favor of a dissociation between dorsolateral and ventrolateral prefrontal 
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regions corresponding to location and object memory. In fact, the authors report 
that spatial storage was more commonly associated with peak activations in Ba 
46, while object storage was more commonly associated with peak activity in the 
right dorsolateral Ba 9. This finding conflicts with an earlier meta-analysis by 
Cabeza and Nyberg (2000) which included approximately 70 PET and fMRI 
studies on WM. However, a re-examination of the findings by Cabeza and 
Nyberg suggests another interpretation of location-object dissociation for WM: 
the peak values of spatial memory tasks are typically located in more caudal 
regions in the brain (occipital, parietal, and posterior frontal regions) while peak 
values for identity memory tasks are clustered rostrally in prefrontal regions. The 
same caudal-rostral interpretation is apparent in the meta-analysis by Wager and 
Smith (2003), although these authors did not pursue this possibility.  
The proposed caudal-rostral interpretation for location and object memory 
dissociation has not been actively pursued by any group to the best of our 
knowledge. Because the proposed domain-specific framework corresponds to a 
preponderance of findings across studies, the boundaries of dissociation 
corresponding to location and object identity memories are unclear. Among the 
three meta-analyses described above, the majority of the studies reviewed 
illustrate a preponderance of peak activation sites in favor of spatial memory 
extending from occipital lobe regions to parietal regions including a frontal lobe 
region near Ba 6 and the posterior portion of the superior frontal sulcus (SFS). 
Conversely, there is a prevalence of peak activation sites corresponding to object 
memory in more rostral regions extending from Ba 10 to slightly more posterior 
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frontal regions in Ba 46 and the inferior portion of Ba 9 spreading to Ba 6. Should 
a location-object VWM dissociation exist within a general caudal-rostral 
framework as identified from meta-analyses, then a well-controlled for VWM 
experiment (like the one proposed here) should be able to identify such a 
dissociation.  
Across fMRI studies of VWM, several focal brain regions have been 
consistently implicated in either location or object identity memory. Specifically, 
the DLPFC in the left hemisphere has been shown to correspond to object 
memory in comparison to location memory among a broad range of fMRI studies 
on VWM (e.g., Courtney et al., 1996; Mohr et al., 2006; Sala et al., 2003; Sala & 
Courtney, 2007; Smith & Jonides, 1999). Similarly, the inferior parietal lobule 
(IPL) appears to support location memory in comparison to object memory 
across the same studies. Hemispheric laterality, however, associated with 
findings of location memory in this region has not been consistent across studies. 
Several studies have also implicated the SFS (what is likely the FEF) as a 
location memory brain region (Borowsky et al., 2005; Harrison et al., 2010; Sala 
et al., 2003; Sala & Courtney, 2007). Dissociations observed within these regions 
coincide with a caudal-rostral interpretation of location and object identity VWM. 
Specifically, the IPL is a caudal region with greater activity for location memory, 
and the DLPFC is a rostral region with greater activity for object identity memory. 
Therefore, we hypothesize that a caudal-rostral framework will explain the 
functional dissociation observed among location and object identity memory 
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conditions in this experiment.  
 
2.2  MATERIALS & METHODS 
Subjects 
Fifteen healthy subjects (seven men, 23-33 years old) participated in the 
study and provided written informed consent and were compensated financially 
for their time. Ten subjects participated in each of the four conditions. Study 
procedures were approved by the University of Texas Health Science Center at 
Houston Institutional Review Board.  All subjects were in good health with no 
history of psychiatric or neurological disease and had normal or corrected-to-
normal (with contact lenses) visual acuity.  
Task 
The stimulus set across conditions included nine colored squares (red, 
blue, green, yellow, orange, pink, purple, teal, and lime green). Each stimulus 
subtended a visual angle of 1.3 degrees. Six stimuli were displayed on a black 
background in 6 locations from an invisible grid of 16 possible locations. By 
remembering the configuration associated with the empty space in a given 
stimulus display (termed the empty-space strategy) rather than the individual 
items presented, it is possible to provide an unfair advantage pertaining to 
location change conditions. To prevent empty-space strategies from occurring 
during location change conditions, an invisible location grid was created using 2 
invisible concentric circles, each with 8 possible locations equally spaced around 
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the circle. During the fMRI scans, stimuli were displayed on a screen that was 
mounted behind the subject’s head, outside of the scanner. The image was 
reflected from a mirror onto a small screen directly above the subject’s eyes for a 
viewing angle of 36.0 degrees.  
Subjects were tested in 4 change detection conditions: object change 
detection requiring the subject to remember the color of each square (object 
condition), location change detection (location condition), object and location 
change detection with the subject unaware as to which property of the square 
would change (or condition), and location change detection with a uniform color 
across items (location only condition) (Figure 2.1). Due to the number of trials 
and the overall length for each condition, subjects participated in two conditions 
per fMRI scan such that the object condition and the location condition were 
grouped together in a single session and the or condition and the location only 
condition were grouped in another session. The use of matched stimulus 
displays across conditions employed in this experiment has not been previously 
reported within the neuroimaging literature on VWM. 
Within each session, individual conditions were blocked and subjects were 
verbally informed about the condition prior to the start of each block. Subjects 
completed 10 alternating blocks of 23 trials (5 object and 5 location or 5 or and 5 
location only depending on the session) for a total of 230 trials and 115 trials per 
condition. In all conditions, trials began with a variable 4 or 6-s fixation period. 
During the fixation period, a small white fixation cross (1.8 degrees of visual 
angle) was presented in the middle of a black background. Following fixation, the 
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sample period began. During this period, six colored squares were presented on 
the screen simultaneously for 2 seconds. Next, there was a 2 second delay 
period with an empty black display. The test period followed with two colored 
squares presented, one remained the same relative to the sample display but 
one had changed in either color (object condition), location (location condition), 
color or location (or condition), or location with all squares a single color (location 
only condition). Subjects were instructed to covertly decide which square had 
changed. Finally, during the response period, a white box was randomly 
presented around one of the two colored squares (boxed item). During the 
response period subjects made a yes/no response using a fiber-optic response 
pad (Current Designs, Philadelphia) to indicate whether or not the boxed item 
had changed. The motor response was separated from the test display to 
prevent contamination from motor-related activity. Following the response period, 
the inter-trial interval (ITI) began, which consisted of either 4 or 6-s of passive 
fixation to allow for a temporal jitter across trials.  
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Figure 2.1 Task design and conditions 
Schematic of the change detection task for object change (first row), location change (second row), object or 
location change (third row), and location only change which used a single color per trial (fourth row). Each of 
the four task periods lasted for 2 seconds with a randomly selected inter-trial interval (ITI) of either 4 or 6 
seconds.  
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Behavioral pre-training was conducted up to one week prior to the first 
fMRI scan to establish familiarity with the task and achieve an acceptable level of 
performance (> 70%) for each condition. Several fMRI studies have reported 
significant changes in brain activity corresponding to different stages of training 
and familiarity for WM tasks (Olesen et al., 2003; Westerberg & Klingberg, 2007), 
which would likely increase noise across subjects if not properly controlled. A 
minimum performance criterion of 70% was employed to attenuate this variability. 
Pre-training consisted of a similar task to the one used in the fMRI for each 
condition and differed only by the response. During pre-training, subjects made a 
yes/no response using a computer keyboard rather than a fiber optic button 
response pad to indicate whether or not the boxed item had changed.  Subjects 
completed 115 trials per condition during the pre-training sessions just as they 
did during the fMRI session. All subjects were interviewed after each pre-training 
and imaging session to monitor task strategies.  
MRI Acquisition Protocol 
Anatomical MRIs were acquired for each of the fifteen subjects. MRI 
scans were acquired using a 3T Phillips (Bothell, WA) scanner located at the 
University of Texas Health Science Center at Houston. The scanner was 
equipped with an eight channel SENSE head coil. High resolution anatomical 
images were obtained using a magnetization-prepared 180 degree radio-
frequency pulse and rapid gradient-echo (MP-RAGE) sequence. Sagittal slices 
were 1 mm thick and in-plane resolution was 0.938 × 0.938 mm.  
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fMRI Acquisition Protocol 
Functional images were acquired using a gradient recalled echo planar 
sequence that is sensitive to the blood-oxygen level-dependent (BOLD) signal. 
With this sequence, 33 axial slices were collected with a 2 s repetition time (TR), 
a 30ms echo time (TE) and a flip angle of 90˚. Voxel size was 2.75 x 2.75 x 3 
mm. Each functional scan series consisted of 153 brain volumes. The first three 
volumes, collected before equilibrium magnetization was reached, were 
discarded resulting in 150 usable volumes. Following motion correction and slice 
timing correction, data were smoothed with a spatial Gaussian filter with a root-
mean-square deviation of 3 mm.  
fMRI Analysis 
fMRI data were analyzed using the Analysis of Functional NeuroImages 
(AFNI) software (Cox, 1996). While all task periods were processed, only the 
delay period was used for the primary analyses. Accordingly, functional echo 
planar image (EPI) data were motion-corrected using a local Pearson’s 
correlation (Saad et al., 2009) and aligned to individual anatomical data for each 
subject using the 3dAllineate plug-in within AFNI. The data were then normalized 
for each block by computing percent change from baseline. A deconvolution 
using a generalized linear model was then computed for each subject using the 
AFNI function 3dDeconvolve to compute regression coefficients representing 
activity for a given task period in each voxel for each condition separately. A jitter 
of the ITI (randomly 4 or 6 s) enabled the deconvolution to properly tease apart 
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individual trial periods within the hemodynamic response. Within the 
deconvolution algorithm, an internal test for collinearity was performed for each 
dataset which passed on the basis of a singular value threshold. Four stimulus 
regressors corresponding to the four time periods of the task (sample, delay, test, 
response) were used in the deconvolution analysis. Only trials in which subjects 
made a correct response were included in the deconvolution analysis. Each 
regressor was modeled using a boxcar-shaped estimate of the hemodynamic 
response rather than a temporally-smoothed response function to minimize 
overlap. To correct for subject motion, six movement regressors were created 
and included in the deconvolution as regressors of no interest. The resulting 
coefficients associated with the delay period were transformed to Talairach 
space using the auto_tlrc algorithm in AFNI.  
A similar analysis was performed in order to generate time-series data for 
each individual subject. This was accomplished by normalizing the data for each 
block by computing percent change from baseline for each condition and subject. 
This data was then submitted to a deconvolution algorithm (3dDeconvolve) using 
a generalized linear model to compute regression coefficients representing 
activity for a given task period in each voxel for each condition separately. One 
tent function regressor corresponding to the stimulus of the sample display onset 
was used in the deconvolution analysis for each condition separately. Only trials 
for which the subject made a correct response were included in the 
deconvolution. To correct for subject motion, six movement regressors were also 
included in the deconvolution as regressors of no interest. The resulting 
25 
 
coefficients were transformed to Talairach space using the auto_tlrc algorithm in 
AFNI.  
fMRI Group Analysis 
Individual subject’s regression coefficients corresponding to the delay 
period for correctly-answered trials for each condition were included in a voxel-
wise, one-way, repeated measures ANOVA (AFNI program 3dANOVA2). A 
mixed-effects model was used with subjects (10 for each condition) treated as a 
random effect factor and conditions (4 total) treated as a fixed-effect factor. The 
main effects of each fixed factor (condition) were calculated from this ANOVA. T-
statistics of activation for each condition versus baseline during the delay period 
were computed at the group-level. Main effects were computed on the basis of 
an F test across the four conditions. In order to correct for multiple comparisons, 
a spatial cluster extent threshold was applied to the data using a Monte Carlo 
simulation (1000 randomizations) with an uncorrected voxel-wise threshold of p < 
0.005. This calculation yielded a threshold of 12 contiguous voxels per cluster. 
As a result, only activation clusters above that threshold were reported. All 
results from the ANOVA are projected on the inflated representation of the N27 
brain. 
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2.3  RESULTS 
In-Scanner Behavioral Performance 
Mean behavioral performance across subjects for the CD task was above 
80% for all four conditions (Figure 2.2):  83.1% ± 6.7 for the object condition, 
84.9% ± 7.7 for the location condition, 82.1% ± 6.6 for the or condition, and 
82.1% ± 8.7 for the location only condition. There was no significant difference 
between conditions on the basis of a one-way ANOVA [F(3,36) = 0.30, p = 0.83]. 
Mean response times across all four conditions are reported in Figure 2.3. 
Response times were between 800 and 900 ms across all four conditions and 
were not significantly different [F(3,36) = 0.32, p = 0.80]. Based on similar 
behavioral measures, the neural correlates associated with condition differences 
was known not to correspond to task difficulty across conditions. 
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Figure 2.2 fMRI task performance 
Behavioral performance in the fMRI scanner for each change detection condition. OR (red), object or 
location change; OBJECT (orange), object change; LOCATION (blue), location change; LOCATION ONLY 
(light blue), location only change which used a single color per trial. 
 
 
Figure 2.3 fMRI task response time 
Response time in the fMRI scanner for each change detection condition. OR (red), object or location 
change; OBJECT (orange), object change; LOCATION (blue), location change; LOCATION ONLY (light 
blue), location only change which used a single color per trial. 
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Brain Activation Profiles 
The fronto-parietal network described in the fMRI literature (for review see 
Cabeza and Nyberg, 2000) consists of the DLPFC (portions of Ba 9 & 46) and 
the IPL and superior parietal lobule (SPL). Accordingly, all four conditions evoked 
a hemodynamic response in these regions bilaterally (Figure 2.4). While parietal 
activation extended from the SPL more medially to the IPL laterally, activation in 
the DLPFC was confined to a single posterior region occupying the inferior 
portion of Ba 9 in the middle frontal gyrus (MFG) in all conditions. The most 
inferior portion of the DLPFC cluster of activation occupied a superior part of 
Brodmann area 44 (Ba 44) in the left hemisphere in all but the location only 
condition (Table 2.1). Additionally, activation in the pre-supplementary motor 
area (pre-SMA) was similar across all conditions. Posteriorly, in the occipital 
lobe, bilateral activation was observed medially in the cuneus and a portion of the 
lingual gyrus across all conditions. Finally, clusters of activation existed in the 
middle occipital gyrus bilaterally, also known as the lateral occipital cortex (LOC) 
(e.g., Malach et al., 1995). 
 Several clusters of activation were observed to be unique to certain 
conditions. The insula was activated bilaterally in CD conditions except for the 
location only condition which exhibited no insula activity whatsoever. Conversely, 
bilateral regions were active in Ba 6 for all conditions except for the object 
condition which exhibited Ba 6 activation in the left hemisphere only. Across 
conditions, activations were observed in a region within Ba 6, which has been 
shown to play a role in eye movements and has been termed the frontal eye field 
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(FEF) (e.g., Fox et al., 1985). Additionally, only the or and the location only 
conditions exhibited fusiform activity. 
 
 
Figure 2.4 Group activation maps for each change detection condition 
Statistically significant group activation maps (corrected p < 0.05) for each change detection condition. Top 
left: object change, top right: location change, bottom left: object or location change, bottom right: location 
only change which used a single color per trial. 
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Condition Brain Region BA Hemisphere x y z t-value 
        
Object superior parietal lobule, inferior parietal lobule, cuneus, precuneus 40 L 27.0 57.0 44.0 4.924 
 superior parietal lobule, inferior parietal lobule, precuneus 40 R -29.0 63.0 42.0 4.413 
 inferior frontal gyrus, middle frontal gyrus 9 L 37.0 -7.0 26.0 3.776 
 medial frontal gyrus, cingulate 8 L+R -3.0 -21.0 38.0 3.653 
 cuneus, precuneus 19 R -25.0 81.0 30.0 3.430 
 middle frontal gyrus, superior frontal gyrus 6 L 35.0 1.0 48.0 3.572 
 lingual gyrus 18 L 3.0 79.0 4.0 3.403 
 insula  13 L 27.0 -21.0 4.0 3.902 
 middle frontal gyrus 9 R -49.0 -7.0 32.0 3.280 
 middle frontal gyrus 46 R -47.0 -23.0 24.0 3.568 
 middle occipital gyrus 19 R -39.0 67.0 10.0 3.261 
 insula 13 R -33.0 -21.0 0.0 3.456 
 middle occipital gyrus 37 L 41.0 61.0 -6.0 3.230 
Location superior parietal lobule, inferior parietal lobule, cuneus, precuneus 40 L 27.0 57.0 46.0 4.536 
 superior parietal lobule, inferior parietal lobule, precuneus 40 R -47.0 33.0 42.0 4.195 
 cuneus, precuneus 19 R -29.0 73.0 34.0 3.569 
 middle frontal gyrus 9 L 33.0 -15.0 24.0 3.614 
 insula  13 L 27.0 -21.0 4.0 3.786 
 middle frontal gyrus, superior frontal gyrus 6 L 35.0 3.0 48.0 3.350 
 insula 13 R -33.0 -19.0 4.0 3.340 
 medial frontal gyrus, cingulate 8 L+R -7.0 -21.0 38.0 3.318 
 lingual gyrus 18 L 7.0 79.0 0.0 3.029 
 middle frontal gyrus 9 R -49.0 -10.0 34.0 3.257 
 middle frontal gyrus 46 R -47.0 -23.0 24.0 3.392 
 middle occipital gyrus 37 L 41.0 61.0 -6.0 3.200 
 middle frontal gyrus, superior frontal gyrus 6 R -29.0 -1.0 52.0 3.084 
Or superior parietal lobule, inferior parietal lobule, cuneus, precuneus, 
middle occipital gyrus 
40 R -29.0 47.0 38.0 4.597 
 superior parietal lobule, inferior parietal lobule, cuneus, precuneus, 
middle occipital gyrus 
40 L 33.0 49.0 40.0 4.409 
 middle frontal gyrus, superior frontal gyrus 6 L 31.0 3.0 48.0 3.779 
 middle frontal gyrus, superior frontal gyrus 6 R -33.0 3.0 50.0 4.334 
 inferior frontal gyrus, middle frontal gyrus 9 R -49.0 -3.0 30.0 3.713 
 medial frontal gyrus, cingulate 6 L+R 3.0 -9.0 46.0 4.180 
 lingual gyrus 18 L -3.0 83.0 2.0 3.049 
 fusiform gyrus 37 R -47.0 55.0 -12.0 3.208 
 insula 13 L 27.0 -21.0 4.0 3.280 
 insula 13 R -33.0 -21.0 6.0 3.063 
 lingual gyrus 18 R -13.0 73.0 4.0 2.916 
Location 
Only 
superior parietal lobule, inferior parietal lobule, cuneus, precuneus, 
middle occipital gyrus, fusiform gyrus, lingual gyrus 
40 R -45.0 35.0 40.0 4.574 
 superior parietal lobule, inferior parietal lobule, cuneus, precuneus, 
middle occipital gyrus, fusiform gyrus, lingual gyrus 
40 L 27/0 75.0 22.0 4.745 
 middle frontal gyrus, superior frontal gyrus 6 L 27.0 5.0 46.0 3.828 
 middle frontal gyrus, superior frontal gyrus 6 R -29.0 3.0 50.0 4.074 
 middle frontal gyrus 9 R -47.0 -3.0 28.0 3.936 
 medial frontal gyrus, cingulate 32 L+R -7.0 -11.0 44.0 3.782 
 inferior frontal gyrus, middle frontal gyrus 9 L 41.0 -5.0 24.0 3.750 
        
Table 2.1 Cluster analysis for each change detection condition 
Clusters of activation are significant at a corrected p < 0.05 for each change detection condition. L= left 
hemisphere, R = right hemisphere, L+R = a single cluster extending from one hemisphere to the other. 
Talairach coordinates correspond to peak activation within a cluster. 
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The main effects of neural activity from the four conditions are illustrated in 
Figure 2.5. The data analysis yielded six loci including the left DLPFC, the right 
IPL, the LOC bilaterally, and the fusiform gyrus (FUS) bilaterally (Table 2.2). 
Time-courses associated with each of the six clusters of activation were 
generated for each condition (Figure 2.5a – f) with activation for each 2 second 
period over a 14 second window. Accordingly, clusters appear to correspond to 
location or object identity memory conditions. The onset of the first stimulus for 
each trial, the sample period, corresponds to the 0 second time point. The lag 
associated with peak hemodynamic response has been shown to be 4 to 6 
seconds post-stimulus (Bandettini et al., 1992) which suggests that the 8 second 
time-point likely corresponds to delay period activity. Activity for the object (seen 
in orange) and or (seen in red) conditions, both of which require the subjects to 
remember the identities of each item, is greater in the left DLPFC cluster when 
compared to the location (seen in blue) and location only (seen in light blue) 
conditions (Figure 2.5a). A similar grouping of conditions along with greater 
activity associated with object-related conditions was found in the left fusfiform 
gyrus (Figure 2.5e).  
 Posterior clusters (e.g., LOC and IPL) exhibit greater activation for location 
memory conditions. Specifically, bilateral LOC clusters (Figure 2.5c & Figure 
2.5d) exhibit a gradient of activation such that the location activity was greater, 
followed by the location only and or conditions, and finally the object condition 
which appears to be at or below baseline activity at the 8 s time-point. The 
cluster in IPL shows a similar degradation across conditions, with the location 
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only condition exhibiting greater activity than the or condition (Figure 2.5b). The 
right fusiform cluster appears to correspond to the location only condition while 
all other conditions exhibit significantly weaker activations. As the location and 
the object conditions demonstrate similar activations, this region cannot be purely 
associated with location memory. 
 
 
Figure 2.5 Main effect of fMRI task condition 
Group activation map of the main effect of neural activity across change detection conditions. Activations are 
significant at a corrected p < 0.05. Labeled regions: DLPFC, dorsolateral prefrontal cortex; IPL, inferior 
parietal lobule; FUS, fusiform gyrus; LOC, lateral occipital cortex.  
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Brain Region BA Hemisphere x y z  t-value 
       
inferior parietal lobule, postcentral gyrus 40 R -37.0 27.0 54.0 4.133 
fusiform gyrus 19 L -35.0 65.0 -18.0 4.196 
middle occipital gyrus, inferior temporal gyrus 19 L 53.0 64.0 0.0 4.510 
middle occipital gyrus, inferior temporal gyrus 19 R -48.0 -69.0 1.0 3.912 
middle frontal gyrus 9 L 43.0 -7.0 30.0 4.014 
fusiform gyrus 19 R 29.0 58.0 11.0 3.749 
 
Table 2.2 Cluster analysis of condition effect 
Clusters of activation represent condition effect across change detection conditions and are significant at a 
corrected p < 0.05. L= left hemisphere, R = right hemisphere, L+R = a single cluster extending from one 
hemisphere to the other. Talairach coordinates correspond to peak activation within a cluster. 
 
 
Figure 2.5a Left DLPFC time-course 
Trial-averaged time-courses of the estimated response within the left DLPFC activation from Figure 2.5. 
Error bars represent standard errors of the mean. Gray bars indicate sample and test periods respectively. 
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Figure 2.5b Right IPL time-course 
Trial-averaged time-courses of the estimated response within the right IPL activation from Figure 2.5. Error 
bars represent standard errors of the mean. Gray bars indicate sample and test periods respectively. 
 
Figure 2.5c Left LOC time-course 
Trial-averaged time-courses of the estimated response within the left LOC activation from Figure 2.5. Error 
bars represent standard errors of the mean. Gray bars indicate sample and test periods respectively. 
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Figure 2.5d Right LOC time-course 
Trial-averaged time-courses of the estimated response within the right LOC activation from Figure 2.5. Error 
bars represent standard errors of the mean. Gray bars indicate sample and test periods respectively. 
 
Figure 2.5e Left fusiform time-course 
Trial-averaged time-courses of the estimated response within the left fusiform activation from Figure 2.5. 
Error bars represent standard errors of the mean. Gray bars indicate sample and test periods respectively. 
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Figure 2.5f Right fusiform time-course 
Trial-averaged time-courses of the estimated response within the right fusiform activation from Figure 2.5. 
Error bars represent standard errors of the mean. Gray bars indicate sample and test periods respectively. 
 
2.4  DISCUSSION 
 The aims of this experiment were: (1) identify a dissociation corresponding 
to location and object identity VWM, and (2) determine if the results 
corresponded to a caudal-rostral in contrast to a dorsal-ventral interpretation of 
VWM dissociation. Accordingly, we identified a main effect resulting from a direct 
comparison of VWM conditions. Although all conditions shared a common profile 
of activation, there were subtle differences in specific regions suggesting a 
caudal-rostral interpretation of location and object identity memory. 
Generally, blood-oxygen-level dependent (BOLD) activation profiles 
associated with the brief delay period in each of the four conditions reported here 
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are in agreement with the literature on VWM (e.g., Mohr et al., 2006; Sala & 
Courtney, 2007). Short delays allow for a more direct comparison across other 
imaging techniques such as MEG and electroencephalography (EEG) which 
typically require many more trials (n > 100) than fMRI in order to achieve a clear 
neural representation of activity. The use of a longer delay (more than 9 s for 
example) would preclude the study of this task using MEG or EEG due to the 
extremely long scanning duration required. Accordingly, our results suggest that 
it is possible to image the delay period of a VWM task with a relatively short 
delay of 2 s which provide concordant VWM results with those reporting both 
short (1.5 s) and long delays (9 s) (Todd & Marois, 2004; Todd et al., 2011). 
During the delay period, the subject worked to maintain the sample 
information in mind which is supported by activity in the DLPFC and parietal lobe 
structures (e.g., Damoiseaux et al., 2006; Seeley et al., 2007). Furthermore, 
studies have reported this fronto-parietal network to be active only during the 
maintenance and manipulation of information (e.g., Miller & Cohen, 2001; Muller 
& Knight, 2006; Petrides 2005). We found delay period activity localized to a 
more posterior and dorsal region occupying BA 9 in all conditions and extended 
anteriorly to BA 46 of the DLPFC in the object and or conditions. This shift across 
conditions may correspond to divergent functional roles of DLPFC sub-regions, a 
structure which has been characterized generally as the center for goal-directed 
behavior (Miller & Cohen, 2001; Stuss & Levine, 2002). Concerning parietal 
structures, we showed activity in both the left and right IPL, which has been 
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shown to correspond to memory maintenance and positively correlate with 
memory load (e.g., Todd & Marois, 2004). 
While the pre-SMA region was activated in all CD conditions, no effect of 
condition was observed across conditions likely suggesting a role in executive 
function common to WM in general. An early study by Petit et al. (1998) 
demarcated the medial motor areas active during various working memory and 
motor tasks to disambiguate the role of the pre-SMA region during working 
memory tasks. They concluded that activation in the pre-SMA region during 
delay periods reflects a state of "preparedness" for selecting a motor response 
on the basis of maintained information. Since all four VWM conditions in this 
experiment required a motor response (button press) at the end of every trial, 
similar pre-SMA activity across conditions was observed. 
Dissociation of Location and Object Identity VWM Using fMRI 
In accordance with the first aim of this experiment, a main effect of 
condition resulting from a direct comparison of CD conditions yielded a 
dissociation of location and object identity VWM. Specifically, activation in the 
right mid-fusiform gyrus coincided with greater activity for the location only 
condition compared to all other CD conditions. The fusiform gyrus has classically 
been described as the functional source of face and complex item recognition 
(e.g., Clark et al., 1996; Puce et al., 1995). The right fusiform face area (FFA) 
has been implicated in the configural processing of faces (e.g., Rossion et al., 
2000). Less is known about the sub-regions within the fusiform gyrus which 
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neighbor the FFA including the mid-fusiform region. Recently, it has been 
suggested that the left mid-fusiform gyrus plays a role in language processing 
(e.g. Glezer et al., 2009; Ma et al., 2011). Conversely, the right mid-fusiform 
region has been implicated in configural object processing (e.g., Hocking & Price, 
2009; Shen et al., 1999). The location only condition required configural 
processing with regards to the global configuration of the 6-item display. While 
the location and or conditions required similar processing, the uniform color 
among items presented in the location only condition provided a more unified and 
holistic configuration as compared to all other conditions. 
Only a few fMRI studies on VWM have identified the insula as an active   
region during the delay period (e.g., Borowsky et al., 2005; Sala et al., 2003; 
Todd et al., 2011), while Ba 6 (i.e., the FEF region), has been implicated in 
various fMRI studies across a broad range of working memory tasks (for review 
see Cabeza & Nyberg, 2000). The LOC has been defined as extending from the 
lateral portion of the middle occipital gyrus to the posterior inferior temporal gyrus 
bilaterally and it has been suggested that the LOC is the primary locus of object 
identity representation (Grill-Spector, 2003; Malach et al., 1995; Op de Beeck et 
al., 2008). However, recent fMRI studies have posited that the LOC may play a 
substantial role in processing spatial information as well (Cichy et al., 2011; 
Kravitz et al., 2008). Accordingly, our finding of activation in the LOC across both 
location and object identity WM conditions is in agreement with these recent 
reports suggesting a split role within the LOC.  
40 
 
Previous fMRI studies have identified the left DLPFC as an important 
region for processing object-related memory (for review see Levy & Goldman-
Rakic, 2000). For example, a recent study by Sala and Courtney (2007) studied 
VWM using an object memory condition, a location memory condition, and a 
combined object and location memory condition. Findings from this study 
suggested an object greater-than location separation within the left DLPFC (IFG 
and MFG). Moreover, the activation of the condition requiring the memory of both 
object and location information was similar to activation associated with the 
object condition, both of which were greater than the location condition. Our 
findings confirm those reported in the study by Sala and Courtney based on the 
time-course plot in Figure 2.5a. A similar dissociation has been recently reported 
in several fMRI experiments studying object and location WM (Leung & Alain, 
2011; Mohr et al., 2006; Sala et al., 2003). Additionally, early reviews of the WM 
literature studying object and location memory demonstrate a preponderance of 
object memory findings in the left DLPFC (Cabeza & Nyberg, 2000; Courtney et 
al., 1998; Levy and Goldman-Rakic, 2000; Owen, 2000). 
The finding of greater location than object memory in a right parietal 
region (IPL) has been reported in previous studies of WM using fMRI (e.g., 
Leung & Alain, 2011; Sala & Courtney, 2007). A recent fMRI study by Harrison et 
al. (2010) used an inferior parietal sulcus (IPS) localizer across subjects and 
measured differences associated with increased object and location workload 
within that region. The IPS in both hemispheres demonstrated an increase in 
activity associated with increased location workload but not an increase in object 
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workload. The authors conclude that capacity-related activation observed in the 
IPS is mainly driven by spatial representations. Our results (Figure 2.5b) are in 
agreement with this finding within the right hemisphere. Specifically, a region 
neighboring the IPS which occupies Ba 40 and an anterior portion of the IPL 
demonstrated greater activation for location memory conditions when compared 
to conditions recruiting the use of object identity memory. Previous meta-
analyses have also implicated the right IPL (along with neighboring parietal 
structures) as a brain region responsible for location memory (Cabeza & Nyberg, 
2000; Courtney et al., 1998; Wager & Smith, 2003). 
A Caudal-Rostral Interpretation Using fMRI 
Several fMRI experiments studying WM have focused their analysis on 
dorsal and ventral prefrontal regions in an attempt to identify a location-object 
dissociation, respectively, with varying results (Mohr et al., 2006; Rama et al., 
2004; Sala et al., 2003; Sala & Courtney, 2007; Volle et al., 2008). Upon closer 
inspection, these studies reveal a dissociation within a caudal-rostral 
interpretation of location and object identity VWM. The experiment by Sala et al. 
(2003) reports a preponderance of neural activity associated with location 
conditions in occipital and parietal structures with activation extending into Ba 6 
in the frontal lobe. In contrast, the identity conditions appear to be limited to 
anterior temporal regions and prefrontal regions including Ba 9 and 46 bilaterally. 
Similarly, four recent fMRI studies show the same dissociation across studies 
whereby spatial memory activity is localized to superior parietal structures and 
superior Ba 6 while object memory is localized to left anterior prefrontal 
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structures including the inferior frontal gyrus (IFG) and the MFG (Rama et al., 
2004; Mohr et al., 2006; Volle et al., 2008; Sala & Courtney, 2007). Two early 
imaging studies by Haxby et al. (1994) and Courtney et al. (1996) published a 
decade earlier than the aforementioned studies indirectly suggest a similar 
caudal-rostral dissociation extending from posterior parietal regions and superior 
Ba 6 for location memory to more anterior prefrontal regions in the DLPFC. 
Therefore, our findings of a location-object separation within a caudal-rostral 
framework appear to be indirectly in agreement with previous studies which do 
not explicitly mention such a framework although it is apparent from their 
findings. Specifically, results from our experiment suggest that caudal structures 
(LOC and IPL) demonstrate greater activity for location memory conditions while 
a rostral area (left DLPFC) shows greater activity for object identity memory. 
Based on the main effect of task conditions, no dorsal-ventral separation 
corresponding to location and object memory was found. This finding addresses 
the second aim of this experiment and suggests that a caudal-rostral 
interpretation as compared to a dorsal-ventral interpretation more accurately 
reflects dissociations of location and object identity memory. 
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CHAPTER 3 
SEPARATING OBJECT AND LOCATION WORKING MEMORY USING MEG 
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3.1  INTRODUCTION 
One of the main aims of this study was to provide convergent evidence 
across two different imaging methods (fMRI and MEG) within the context of 
location and object identity VWM. These two methods are complimentary in that 
fMRI provides high spatial resolution at the millimeter level while MEG provides 
high temporal resolution, capable of detecting signals at the sub-millisecond 
level. Accordingly, neural oscillations are detectable using MEG, which may be 
broken down into time and frequency ranges on the basis of a Fourier transform 
of the recorded flux data. Amplitudes associated with each frequency range are 
approximated for small time windows to determine if a signal (e.g., an MEG 
channel) is phase-locked to the timing of a stimulus. Increases in neural 
oscillations within a frequency range relative to baseline activity (typically pre-
stimulus periods) are considered event-related synchronizations (ERS) while 
decreases are considered event-related desynchronizations (ERD). Both 
components have been shown to play a role in VWM depending on the 
frequency band observed (e.g., Grimault et al., 2009; Robitaille et al., 2009). 
While recent intracranial EEG studies have implicated very fast oscillations 
(gamma and high gamma frequencies, greater than 100 Hz) in VWM processes 
(e.g., Khursheed et al., 2011; Meltzer et al., 2008), it is unlikely that such fast 
signals are detectable by MEG due to the weak amplitude associated with this 
frequency range (e.g., Meltzer et al., 2008). Therefore, slower frequency ranges 
including beta (13-30 Hz), alpha (8-13 Hz), and theta (4-8 Hz) are studied in the 
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MEG/EEG literature focusing on VWM (e.g., Düzel et al., 2003; Palva et. al., 
2010; Raghavachari et al., 2001). 
While data analysis techniques for describing the hemodynamic response 
in fMRI experiments have been fairly consistent across studies, the analysis of 
MEG data is less so. The primary challenge is associated with the source 
analysis of MEG data, which requires localizing electric activity within the brain 
on the basis of induced magnetic fields detected outside of the brain. This 
problem is termed the inverse problem, which has no unique solution. Therefore, 
the driving force behind developing new MEG analysis techniques is exploring 
the “best” solution among all possibilities. Earlier MEG studies used an 
equivalent current dipole (ECD) approach to localize event-related fields (ERFs) 
(e.g., Sarvas, 1987; Simos et al., 2000) and helped establish this technique as 
the clinical gold standard for basic motor and language mapping (e.g., 
Papanicolaou et al.,1999). Recently, the MEG field has seen a shift to more 
dynamic approaches in an attempt to address the inverse problem, namely 
distributed source approaches, which employ localization algorithms to determine 
the most likely source distribution among many possibilities. MEG studies 
focusing on VWM have used both the ECD approach (e.g., Campo et al., 2004; 
Pazo-Alvarez et al., 2008) and the distributed source approach (e.g., Robitaille et 
al., 2009; Palva et al., 2011) in the form of a spatially adaptive filter termed a 
beamformer.  
Among the VWM neuroimaging literature, only one MEG study (Jokisch & 
Jensen, 2007) has focused on directly comparing memory for object identities 
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and locations. Although it could be argued that spatial orientations are also object 
identities, the investigators of the MEG study were able to compute different 
neural activations associated with each object and location condition. Posterior 
activity within the dorsal stream, near the parieto-occipital sulcus, was shown to 
be inhibited during the object identity condition in favor of a visual dorsal-ventral 
model. No additional MEG studies have explicitly studied object and location 
VWM in an effort to tease apart memories associated with either domain. 
In order to study a behavior across multiple imaging techniques it is 
important to understand the relationship between recorded neural magnetic 
(MEG) and electric (EEG) fields and the BOLD response of fMRI. Recent 
evidence establishing a relationship between fMRI and MEG/EEG imaging 
modalities has done so in the context of specific frequency ranges of MEG/EEG 
data (e.g., Khursheed et al., 2011). Specifically, increases in gamma range 
activity has been shown to positively correlate with increases in the observed 
BOLD response across similar regions (Gaetz et al., 2011; Khursheed et al., 
2011; Logothetis, 2002; Meltzer et al., 2008). Concerning beta and alpha band 
activity, both positive (e.g., Gonçalves et al., 2006; Mitsuru et al., 2010; 
Stevenson et al., 2011) and negative (e.g., Callan et al., 2010; Zumer et al., 
2010) correlations associated with increased BOLD activity have been reported. 
Concerning theta band activity, various studies have shown both positive and 
negative correlations with the observed BOLD response (e.g., Scheeringa et al., 
2009; Michels et al., 2010). 
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Utilizing four change detection conditions testing for location and object 
identity VWM, the MEG findings corresponding to each condition and their 
activations are reported here. According to the results we obtained from fMRI, we 
hypothesize that theta oscillations will localize to fronto-parietal and occipital 
regions demonstrating a caudal-rostral interpretation of location and object 
identity memory across conditions in this experiment. 
 
3.2  MATERIALS & METHODS 
Subjects 
Fourteen healthy subjects (six men, 23-33 years old) participated in the 
MEG experiment and provided written informed consent and were compensated 
financially for their time. Among these fourteen subjects, twelve participated in 
the fMRI study. A total of ten subjects participated in each of the four task 
conditions. Study procedures were approved by the University of Texas Health 
Science Center at Houston Institutional Review Board.  All subjects were in good 
health with no history of psychiatric or neurological disease and had normal or 
corrected-to-normal (with contact lenses) visual acuity.  
Task 
The stimulus and task parameters across all four conditions are outlined in 
detail in 2.2 for the fMRI experiment. Identical tasks including stimulus displays 
and timing parameters were used for the MEG experiment. Subjects were tested 
in 4 memory conditions for both experiments: change detection for object 
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identities requiring the subject to remember the color of each square (object 
condition), change detection for locations (location condition), change detection 
for objects and locations with the subject unaware as to which property of the 
square would change (or condition), and change detection for locations with 
uniform color across trials (location-only condition) (Figure 2.1). Stimuli for MEG 
scans were reflected from a projector onto a screen in front of the subject with a 
viewing angle of 30.0 degrees. Due to differences in viewing angle across fMRI 
and MEG methods, the stimuli were resized for MEG scans to produce identical 
viewing angles for each stimulus. 
Behavioral pre-training was conducted up to one week prior to the first 
MEG or fMRI scan to establish familiarity with the task and achieve an 
acceptable level of performance (at least 70%) for each condition. Pre-training 
consisted of a similar task to the one used in the MEG for each condition and 
differed only by the response. During pre-training, subjects made a yes/no 
response using a computer keyboard rather than a fiber optic button response 
pad to indicate whether or not the boxed item had changed.  Subjects completed 
115 trials per condition during the pre-training sessions, identical to the number 
of trials for the MEG session. All subjects were interviewed after each pre-
training and imaging session to monitor task strategies.  
MRI Acquisition Protocol 
Structural MRIs were acquired for each subject to be later used for MEG 
source localization. MRI scans were acquired using a 3T Phillips (Bothell, WA) 
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scanner located at the University of Texas Health Science Center at Houston. 
The scanner was equipped with an eight channel SENSE head coil. High 
resolution anatomical images were obtained using a magnetization-prepared 180 
degree radio-frequency pulse and rapid gradient-echo (MP-RAGE) sequence. 
Sagittal slices were 1 mm thick and in-plane resolution was 0.938 × 0.938 mm.  
MEG Acquisition Protocol 
MEG signals were recorded using a whole-head MEG system with 248 
axial gradiometers (WH 3600, 4D Neuroimaging, San Diego, California, USA). 
Signals were digitized at a sampling rate of 508.63 Hz and filtered online with a 
0.1 Hz high-pass filter. Data were noise-reduced offline using separate reference 
gradiometers to record environmental noise and algorithm from the 4D-
Neuroimaging software. head position information was acquired before and after 
each MEG acquisition.  
MEG Analysis 
All MEG data were processed using the FieldTrip toolbox developed at the 
F.C. Donders Centre for Cognitive Neuroimaging 
(http://www.ru.nl/fcdonders/fieldtrip/). While all MEG data were processed, only 
the delay period was included in the primary data analyses. Each condition for 
each subject was separated from condition-paired MEG sessions and analyzed 
individually. Within each condition, trials which were contaminated by artifacts 
such as eye movement or other motor movements were removed from the data. 
Furthermore, an independent component analyses (ICA) algorithm was used to 
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classify and remove cardiac artifacts and additional artifact components related 
to eye movements. The resulting artifact-free signals for each condition were 
used for all further analyses procedures. A time-frequency (TF) analysis was 
performed by applying a Morlet wavelet-based transform to the single-trial time-
series with a window length of 1 and a step size of 0.5. Each TF period was 
normalized to the pre-stimulus activity (baseline) before being averaged across 
trials. Plots were constructed with a frequency range of 3 to 95 Hz and a period 
of 0 to 9 seconds (-500 to 0 ms baseline) with all trials averaged across individual 
conditions for each subject and then averaged across subjects (Figure 3.1). No 
significant ERS or ERD were observed in the gamma range (30-95 Hz). 
However, lower frequency ranges (< 30Hz) exhibited significant changes in 
oscillatory power with respect to baseline activity. Accordingly, Figure 3.2 
illustrates the same TF plots with a reduced frequency range (3 to 30 Hz). 
Furthermore, clusters of spectra data which are significantly greater (ERS) or 
less than (ERD) baseline amplitude are outlined in white for each condition. In 
order to compare the post-stimulus spectra to the pre-stimulus (baseline) 
spectra, the data was reduced in both frequency and latency to decrease the 
resolution of the spectra and provide fewer comparisons when performing a 
dependent samples t-test for each spectra point. A distribution of cluster-level t 
statistics was computed from a Monte Carlo simulation of 1000 randomizations 
and only spectra clusters meeting statistical significance (corrected p < 0.05) are 
outlined in white (Figure 3.2).  
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Figure 3.1 Time frequency plots (3 to 95 Hz) 
Time-frequency plots from left and right MEG sensors covering the left and right lateral temporal regions, 
respectively, with a frequency range of 3 to 95 Hz and a period of 0 to 8.0 s. The plot represents an average 
across all subjects. First row represents object change, second row  location change (second row), third 
row, object or location change, and fourth row, location only change which used a single color per trial.  
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Figure 3.2 Time frequency plots (3 to 30 Hz) 
Time-frequency plots from left and right MEG sensors covering the left and right lateral temporal regions, 
respectively, with a frequency range of 3 to 30 Hz and a period of 0 to 8.0 s. The plot represents an average 
across all subjects. White boxes indicate statistically significant spectra relative to baseline. Vertical black 
lines represent the beginning and end of the delay period. First row represents object change, second row, 
location change, third row, object or location change, and fourth row, location only change which used one 
color across items. 
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Figure 3.2 shows significant clusters of ERS and ERD in the frequency 
range extending from 3 Hz to 9Hz, which is roughly equivalent to the classically-
defined theta range (4 to 8 Hz) compared to the other classically-defined ranges 
including alpha (8 to 13 Hz) and beta (13 to 30 Hz) ranges. Therefore, 
subsequent analyses of MEG data will focus on activity within the loose theta 
range (3 to 9 Hz) only. The study of this frequency range is in agreement with 
recently reported studies on VWM (e.g., Brookes et al., 2011). Accordingly, 
condition-specific topography of the power spectra at the sensor level were then 
computed within the theta range during the delay period (2 to 4 s post-trial onset) 
using a planar gradiometer representation (Figure 3.3). The planar field 
gradients were computed by estimating the gradients tangential to the scalp 
based on axial gradiometer signals. Typically, the signal amplitude is largest 
directly above a source when using a planar gradient transformation. Notice that 
the ERD observed across all conditions lies posteriorly over occipital and parietal 
regions bilaterally and anteriorly over frontal regions bilaterally. There is also a 
relatively weak ERS over medial frontal regions across all conditions. 
While desynchronizations represent a decrease in oscillatory power at a 
given frequency range relative to baseline activity, the significance of this 
decrease relates to cognitive function. MEG studies have established a 
relationship between observed desynchronizations and various behaviors 
including language (e.g., Hirata et al., 2010; Passaro et al., 2011; Tavabi et al., 
2011), memory (e.g., Brookes et al., 2011; Ciesielski et al., 2010; Grimault et al., 
2009), and motor planning (e.g., Moses et al., 2010; Van Dijk et al., 2010; 
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Willemse et al., 2010). Accordingly, any statistically significant ERD observed in 
this study (Figure 3.3) will be considered equally among observed ERS across 
both spectral and source estimation techniques.  
 
 
Figure 3.3 Topographical sensor plots (3 to 9 Hz) 
Topographical sensor plots based on planar gradiometer representation. Topographies represent theta 
activity (3 to 9 Hz). Blue represents desynchronization and yellow represents synchronization relative to 
baseline.  Top left: object change, top right: location change, bottom left: object or location change, bottom 
right: location only change which used one color across items. 
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Identifying the precise source of the biomagnetic signals recorded with 
MEG is impossible due to the inverse problem, but an approximation is possible 
through a distributed source, beamformer spatial filter. To estimate the sources 
corresponding to each condition, a frequency domain beamforming [dynamic 
imaging of coherent sources (DICS)] approach (Gross et al., 2001) was applied 
to the data on the basis of the time-frequency ranges selected from the spectral 
analysis (3 to 9 Hz). The DICS beamformer utilizes an adaptive spatial filter 
generated from the cross-spectral density matrix, which estimates the spatial 
distribution of power within a brain volume. The distribution relies on the 
amplitude at a specific frequency range recorded from all MEG sensors. 
A statistical measure incorporating a dependent samples non-parametric 
statistical test was used to evaluate the reliability of the beamformer source 
localization for each subject. A post-stimulus time window (2000 ms to 4000 ms) 
was compared to the pre-stimulus window (-500 to 0 ms) across all trials. A 
Monte Carlo simulation of the pre- and post-stimulus data generating 1000 
randomizations created a reference distribution of thresholded t statistics (p < 
0.05). The test statistic comparing pre- and post-stimulus activity was derived on 
the basis of these thresholded t statistics. A spatial transformation to standard 
MNI space (International Consortium for Brain Mapping template, Montreal 
Neurological Institute, Montreal, Quebec) for each subject’s MRI and the 
corresponding statistical source activity was applied using SPM2 (Statistical 
Parametric Mapping; http://www.fil.ion.ucl.ac.uk/spm). 
56 
 
To generate a time-course corresponding to the entire trial length, the 
MEG data was then split into 500 ms segments spanning the entire trial (8 s) and 
submitted to the spatial filter DICS beamformer on the basis of the frequency 
ranges selected from the spectral analysis (3 to 9 Hz) in 2.2. The same source 
statistics and spatial transformation were applied using sixteen 500 ms windows 
from to 0 to 8 s post-trial onset to be compared with the pre-stimulus window (-
500 to 0 ms pre-trial onset) across all trials. The results from this analysis were 
used for time-series plots within specified regions identified in the results 
MEG Group Analysis 
Group-level source maps of MEG data were computed for each condition 
using the same statistical approach applied at the subject-level. A cluster-based 
correction technique was implemented to correct for multiple comparisons on the 
basis of 1000 Monte Carlo simulations (Maris & Oostenveld, 2007). The group-
level maps were then submitted to an independent-sample non-parametric F test 
to determine the main effect among the four conditions.  The same cluster-based 
correction for multiple comparisons described above was applied. The resulting 
group maps on the basis of the t statistics and the main effect of condition as a 
result of the F test are projected on an inflated N27 brain. 
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3.3  RESULTS 
In-Scanner Task Performance 
Mean performance was above 80% across all four conditions in 
Experiment 2 as well (Figure 3.4):  83.9% ± 8.3 for the object condition, 84.4% ± 
11.3 for the location condition, 85.8% ± 8.5 for the or condition, and 84.4% ± 11.3 
for the location only condition. There was no significant difference between 
conditions on the basis of a one-way ANOVA [F(3,36) = 0.57, p = 0.64]. Mean 
response times across all four conditions are reported in Figure 3.5. Response 
times were between 800 and 900 ms across all four conditions and were not 
significantly different [F(3,36) = 0.27, p = 0.85]. Based on similar behavioral 
measures, the neural correlates associated with condition differences was known 
not to correspond to task difficulty across conditions 
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Figure 3.4 MEG Task Performance 
Behavioral performance in the MEG scanner for each change detection condition. OR (red), object or 
location change; OBJECT (orange), object change; LOCATION (blue), location change; LOCATION ONLY 
(light blue), location only change which used a single color per trial. 
 
Figure 3.5 MEG Task Response Time 
Response time in the MEG scanner for each change detection condition. OR (red), object or location 
change; OBJECT (orange), object change; LOCATION (blue), location change; LOCATION ONLY (light 
blue), location only change which used a single color per trial. 
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Brain Activation Profiles 
Theta activation (3-9 Hz) during the delay period was observed in the form 
of ERD (blue) and ERS (red) bilaterally in frontal and parietal regions across CD 
conditions. Generally, ERD was observed in more posterior regions occupying 
occipital and parietal cortices as well as some posterior temporal regions. ERS 
was observed only in anterior medial regions in all conditions except for the 
location only condition (Table 3.1). A recent MEG study attempting to localize 
theta range activity for working memory tasks have identified a similar pattern of 
posterior ERD and anterior ERS (Brookes et al., 2011). In the case of the ERD, 
neural oscillations in the theta range decreased relative to baseline in the brain 
regions observed (Figure 3.6), which suggests an ERS has occurred in another 
higher or lower frequency range. In regards to the ERS, increases in the theta 
oscillations relative to baseline activity suggest the occurrence of an ERF in the 
regions observed in Figure 3.6.  
ERD in parietal (IPL, SPL, and precuneus) and occipital (cuneus, middle 
occipital gyrus, and lingual gyrus) regions was observed in all four conditions, 
although it was less extensive in the or condition. The location only condition was 
the only condition which did not exhibit ERD localized to the left DLPFC (Ba 9). 
ERD in the paracentral lobule was found in the location only and or conditions 
while all but the location only condition exhibited ERD in the thalamus. All 
conditions exhibited some ERD in the left supramarginal gyrus, a region which 
has been identified as an area responsible for establishing language laterality 
based on ERD (e.g., Passaro et al., 2011). ERD localized to the left inferior 
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frontal gyrus (Ba 47) extending to the superior temporal gyrus (STG) was found 
in all but the or condition. Finally, the location only condition was the only 
condition with ERD located in the right medial frontal gyrus (Ba 11) and anterior 
cingulate. 
As mentioned earlier, ERS was observed in all conditions except for the 
location only condition. ERS was observed in more medial prefrontal regions 
including Ba 10 in the right hemisphere and Ba 9 medially in all three conditions. 
Additionally, the or and object conditions evoked an ERS in the left Ba 10 region. 
Only the object condition demonstrated an ERS in the anterior cingulate and Ba 
10 medially. 
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Figure 3.6 Group activation maps for each change detection condition 
Statistically significant group activation maps (corrected p < 0.05) for each change detection condition. Top 
left: object change, top right: location change, bottom left: object or location change, bottom right: location 
only change which used a single color per trial. 
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Condition ERS/ERD Brain Region BA Hem. X y z t-value 
Object ERS medial frontal gyrus, superior frontal gyrus, middle frontal gyrus, 
anterior cingulate 
10 L+R 8.0 50.0 40.0 5.202 
 ERD superior parietal lobule, inferior parietal lobule, precuneus  19  R -10.0 -84.0 46.0 -5.985 
  superior parietal lobule, precuneus 19 L 38.0 -80.0 32.0 -5.143 
  cuneus, lingual gyrus 17 L+R 4.0 -96.0 -4.0 -4.601 
  fusiform gyrus, middle occipital gyrus 37 L -40.0 -74.0 -16.0 -3.983 
  insula, superior temporal gyrus, temporal pole 13 L -42.0 10.0 2.0 -3.398 
  inferior temporal gyrus 20 L -50.0 -26.0 -24.0 -3.106 
  fusiform gyrus, inferior temporal gyrus 37 R 54.0 -30.0 -26.0 -3.167 
  supramarginal gyrus, superior temporal gyrus 22 R 58.0 -38.0 34.0 -2.986 
  inferior parietal gyrus, supramarginal gyrus, superior temporal gyrus 40 L -60.0 -38.0 32.0 -4.493 
  middle frontal gyrus, inferior frontal gyrus 9 L: -52.0 6.0 38.0 -2.936 
  thalamus  L+R 4.0 -20.0 8.0 -4.480 
  posterior cingulate 23 L+R 2.0 -62.0 14.0 -2.817 
Location ERS superior frontal gyrus, middle frontal gyrus, medial frontal gyrus 10 R 20.0 50.0 30.0 4.095 
 ERD cuneus, middle occipital gyrus, lingual gyrus 19 L -30.0 -82.0 14.0 -7.020 
  cuneus, middle occipital gyrus, lingual gyrus 19 R 10.0 -99.0 20.0 -8.560 
  precuneus, superior parietal lobule, inferior parietal lobule 19 L -28.0 -68.0 40.0 -5.092 
  inferior parietal lobule, precuneus, superior parietal lobule 40 R 42.0 -64.0 40.0 -5.143 
  middle frontal gyrus, inferior frontal gyrus 9 L -52.0 12.0 38.0 -3.570 
  inferior frontal gyrus, superior temporal gyrus, temporal pole 47 L -52.0 18.0 0.0 -2.971 
  fusiform gyrus, inferior temporal gyrus 37 L -48.0 -52.0 -16.0 -3.982 
  fusiform gyrus, inferior temporal gyrus 37 R 52.0 -60.0 -16.0 -3.438 
  thalamus  L+R 2.0 -18.0 10.0 -3.202 
  posterior cingulate, paracentral lobule, cingulate 30 L+R -2/0 -52.0 18.0 -3.697 
Or ERS middle frontal gyrus, superior frontal gyrus  10 R 30.0 60.0 20.0 4.037 
  medial frontal gyrus 10 L+R -4.0 62.0 18.0 3.565 
  superior frontal gyrus 9 L -22.0 50.0 38.0 3.166 
 ERD superior parietal gyrus, inferior parietal gyrus, postcentral gyrus, middle 
occipital gyrus, superior occipital gyrus, paracentral lobule 
7 L -20.0 -56.0 66.0 -4.744 
  superior parietal gyrus, inferior parietal gyrus, postcentral gyrus, 
paracentral lobule 
7 R 18.0 -50.0 62.0 -4.398 
  supramarginal gyrus, inferior parietal lobule, superior temporal gyrus 40 L -50.0 -38.0 40.0 -4.363 
  cuneus, lingual gyrus 18 L+R 0.0 -98.0 -6.0 -3.347 
  middle occipital gyrus 19 R 32.0 -80.0 20.0 -2.949 
  middle temporal gyrus, superior temporal gyrus 22 L -68.0 -26.0 0.0 -3.498 
  inferior frontal gyrus, middle frontal gyrus, precentral gyrus 9 L -62.0 10.0 28.0 -3.012 
  fusiform gyrus, middle occipital gyrus 19 L -54.0 -70.0 -16.0 -3.429 
  fusiform gyrus, middle occipital gyrus 19 R 48.0 -68.0 -16.0 -2.901 
  thalamus, red nucleus  L+R 8.0 -12.0 -2.0 -3.272 
Location Only ERD cuneus, lingual gyrus, middle occipital gyrus, inferior occipital gyrus 18 L+R -14.0 -92.0 -16.0 -6.832 
  superior parietal lobule, precuneus, cuneus, middle occipital gyrus 7 R 26.0 -76.0 44.0 -5.264 
  superior parietal lobule, inferior parietal lobule, precuneus, cuneus, 
middle occipital gyrus 
7 L -42.0 -68.0 44.0 -5.312 
  Inferior parietal lobule 40 R 42.0 -36.0 34.0 -3.169 
  fusiform gyrus, inferior temporal gyrus 37 L -46.0 -64.0 -20.0 -3.359 
  fusiform gyrus, inferior temporal gyrus 37 R 52.0 -56.0 -20.0 -3.121 
  posterior cingulate gyrus, cingulate gyrus 31 L+R 2.0 -52.0 26.0 -3.219 
  inferior frontal gyrus, superior temporal gyrus 47 L -48.0 18.0 -10.0 -3.286 
  superior temporal gyrus, middle temporal gyrus 22 L -60.0 -16.0 0.0 -2.789 
  medial frontal gyrus, anterior cingulate 11 R 14.0 36.0 -10.0 -2.856 
  caudate, putamen  L+R 6.0 10.0 -2.0 -2.736 
 
Table 3.1 Cluster analysis for each change detection condition 
Clusters of activation are significant at a corrected p < 0.05. Hem = hemisphere; L= left, R = right, L+R = a 
single cluster across hemispheres. Talairach coordinates correspond to peak activation within a cluster. 
63 
 
The main effect associated with the four MEG conditions are illustrated in 
Figure 3.7. Accordingly, the analysis yielded six clusters which demonstrated a 
main effect across conditions (Table 3.2). Time-courses associated with each 
condition are illustrated in Figure 3.7a - 3.7f. Time points are represented every 
500 ms in order to take advantage of the temporal resolution afforded by MEG.  
The medial view of Figure 3.7 (bottom row) shows two clusters, one in the 
anterior cingulate (AC) and Ba 10, and the other in the cuneus (CUN) and 
precuneus (PCUN). The anterior cingulate corresponds to an object greater-than 
location gradation in the form of an ERS whereby the object and the or conditions 
are significantly greater than the location and location only conditions (Figure 
3.7a). Conversely, a gradient in favor of the location conditions is observed in the 
cuneus/precuneus cluster of activation (Figure 3.7b). Clusters in the left DLPFC 
(Figure 3.7e), the right Ba 10 (Figure 3.7d), and to a some extent in the right Ba 
11 (Figure 3.7c), appear to exhibit profiles of activation across conditions in favor 
any condition involving more than one identity within a stimulus display. As the 
location only condition presented a uniform color for each display, items could 
only be distinguished on the basis of location. Therefore, differences across 
conditions which show a greater ERS or ERD in favor of all but the location only 
conditions must represent some object identity component even if the condition 
did not explicitly require subjects to remember such information. Finally, the 
cluster corresponding to the left ITG shows a greater ERD for location and 
location only condition compared to object and or conditions (Figure 3.7f). 
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Figure 3.7 Main effect of MEG task condition 
Group activation map of main effect of neural activity across change detection conditions. Activations are 
significant at a corrected p < 0.05. Labeled regions: DLPFC, dorsolateral prefrontal cortex; ITG, inferior 
temporal gyrus; Ba 11, Brodmann area 11; Ba 10, Brodmann area 10; AC, anterior cingulate; CUN, cuneus; 
PCUN, precuneus.  
 
Brain Region BA Hemisphere x y z  t-value 
       
cuneus, precuneus  18 L+R 0.0 -76.0 29.0 6.941 
anterior cingulate, medial frontal gyrus 10 L+R -10.0 45.0 4.0 5.645 
inferior temporal gyrus 37 L -59.0 -60.0 -5.0 4.319 
middle frontal gyrus, inferior frontal gyrus 9 L -58.0 2.0 -23.0 3.712 
Superior frontal gyrus, middle frontal gyrus 11 L -26.0 59.0 -13.0 5.114 
middle frontal gyrus, superior frontal gyrus 10 R 35.0 53.0 21.0 3.985 
 
Table 3.2 Cluster analysis of main effect 
Clusters of activation represent main effect across change detection conditions and are significant at a 
corrected p < 0.05. L= left hemisphere, R = right hemisphere, L+R = a single cluster extending from one 
hemisphere to the other. Talairach coordinates correspond to peak activation within a cluster. 
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Figure 3.7a Anterior cingulate time-course 
Time-courses of neural oscillations  (3-9 Hz) within the anterior cingulate activation from Figure 3.7. Error 
bars represent standard errors of the mean. Gray bars indicate sample and test periods respectively. 
 
Figure 3.7b Cuneus/Precuneus time-course 
Time-courses of neural oscillations  (3-9 Hz) within the cuneus/precuneus activation from Figure 3.7. Error 
bars represent standard errors of the mean. Gray bars indicate sample and test periods respectively. 
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Figure 3.7c Left Ba 11 time-course 
Time-courses of neural oscillations  (3-9 Hz) within the left Ba 11 activation from Figure 3.7. Error bars 
represent standard errors of the mean. Gray bars indicate sample and test periods respectively. 
 
Figure 3.7d Right Ba 10 time-course 
Time-courses of neural oscillations  (3-9 Hz) within the right Ba 10 activation from Figure 3.7. Error bars 
represent standard errors of the mean. Gray bars indicate sample and test periods respectively. 
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Figure 3.7e Left DLPFC 10 time-course 
Time-courses of neural oscillations (3-9 Hz) within the left DLPFC activation from Figure 3.7. Error bars 
represent standard errors of the mean. Gray bars indicate sample and test periods respectively. 
 
Figure 3.7f Left ITG time-course 
Time-courses of neural oscillations (3-9 Hz) within the left posterior ITG activation from Figure 3.7. Error 
bars represent standard errors of the mean. Gray bars indicate sample and test periods respectively. 
I 
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3.4  DISCUSSION.  
 The aims of this experiment were: (1) identify and localize the frequency 
range of activity corresponding to the delay period of VWM, (2) demonstrate a 
dissociation of object-location VWM, and (3) determine if the results 
corresponded to a caudal-rostral or a dorsal-ventral interpretation of VWM 
dissociation . A theta range (3-9 Hz) was identified as the frequency range 
among all other tested ranges which demonstrated a greater number of 
significant spectra (oscillatory power) as compared to baseline. This is in 
agreement with a recently published study by Brookes et al. (2011) which 
analyzed all frequency ranges (up to 100 Hz) and determined that only the theta 
range exhibited statistically significant increases corresponding to working 
memory during the maintenance period. Furthermore, ERS within this frequency 
range was shown to increase with increased memory load. Activity associated 
with the theta range was localized to posterior (parietal and occipital) and 
prefrontal regions across conditions, also in agreement with MEG and EEG VWM 
literature studying theta range activity (e.g., Brookes et al., 2011; Meltzer et al. 
2008; Scheeringa et al., 2009). 
Theta Activity 
 The EEG literature studying various frequency ranges in the context of 
VWM have consistently identified the theta and alpha bands as significant 
frequency ranges of interest. An early review by Klemish et al. (1997) identified 
the ERS in the upper alpha range as a component which negatively correlated 
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with memory performance. Conversely, the theta range ERS was shown to 
correlate positively with memory performance across studies. Later EEG studies 
found convergent evidence supporting a positive relationship between theta ERS 
and working memory performance (Bastiaansen et al., 2002; Doppelmayr et al.,  
1998; Düzel et al., 2003; Krause et al., 2000; Li et al., 2011; Meltzer et al. 2008; 
Mizuhara et al., 2011; Scheeringa et al., 2009). Only a few MEG studies have 
shown a similar relationship between theta oscillations and working memory 
performance during the delay period (Brookes et al., 2011; Jensen & 
Tesche,2002; Onton et al., 2005). 
The observed increase in theta activity (as an ERS) observed across EEG 
and MEG studies has been consistently localized to prefrontal regions. In 
particular, source estimation techniques across imaging modalities have 
localized theta ERS to medial prefrontal cortices and in some cases, in the 
anterior cingulate cortex (Asada et al., 1999; Brookes et al., 2011; Ishii et al., 
1999; Jensen et al., 2002; Li et al., 2011; Mizuhara et al., 2011). Our results 
showed localized theta ERS in the prefrontal cortex (Figure 3.6) and are 
consistent with these findings. Interestingly, only the location only condition did 
not evoke an ERS in prefrontal regions or any other brain region for that matter. 
This suggests that among healthy individuals, unique identities among 
simultaneously-presented items are required in order to evoke an ERS in the 
theta range, regardless of the memory task objective (location, object, or both). 
This finding in the context of a VWM task is reported here for the first time and 
should be studied in further detail especially in the context of memory workload 
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which has been shown to positively correlate with ERS in prefrontal regions (e.g., 
Brookes et al., 2011). 
Only a few EEG and MEG studies have reported theta ERD in posterior 
regions similar to the findings reported here (Figure 3.6). In particular, only one 
EEG study by Meltzer et al. (2008) has reported ERD during the maintenance 
period of a VWM task. Furthermore, only a few MEG studies have reported 
posterior ERD activity within the theta range (Brookes et al., 2011; Jensen & 
Tesche,2002; Onton et al., 2005). These studies utilized a form of time-frequency 
analysis which compares theta oscillations to baseline activity and thus allows for 
the detection of both positive (ERS) and negative (ERD) activity. Many of the 
earlier EEG studies which reported on theta oscillations, performed a simple 
Fourier or wavelet analysis on the post-stimulus signal only. However, several 
EEG studies which compared the post-stimulus signal to baseline (pre-stimulus 
signal) and reported an ERD in other frequency ranges, namely the alpha band, 
did not report a posterior theta ERD (Düzel et al., 2003; Li et al., 2011; 
Scheeringa et al., 2009). While it is unclear why such an ERD was not detected 
in these studies, several factors including task design and timing, statistical 
analysis, and the choice for baseline activity may produce varying results in time-
frequency analyses across studies. While posterior theta ERD has not been 
shown to correlate with either memory performance or workload, it has been 
reported as a statistically significant source of activity as compared to baseline 
across studies (Brookes et al., 2011; Jensen & Tesche,2002; Meltzer et al., 
2008; Onton et al., 2005). 
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Location and Object Identity VWM Dissociation Using MEG 
Only one MEG study has explored VWM in the context of object and 
location memory (Jokisch & Jensen, 2007) and the focus was on posterior 
occipital regions. Therefore, results from our experiment described here will be 
compared to findings in the fMRI literature. The anterior cingulate and medial 
frontal gyrus along with the left orbital gyrus (Ba 11) were the primary loci 
responsible for greater object ERS compared to location ERS. A recent study by 
Harrison et al. (2010) identified the main effects of object and location memory 
and found activation in the left orbital gyrus to correspond to object memory only. 
This region is similar to the one reported here with MEG showing a similar object 
greater than location relationship. Several early fMRI and PET studies 
demonstrated activation corresponding to object memory in the anterior cingulate 
cortex (Haxby et al., 1995; Petrides et al., 1993). However, such a finding was 
not reported in more recent studies of object and location WM. Based on recent 
studies comparing MEG and fMRI, theta band activity has been shown to 
negatively correlate with BOLD in medial prefrontal regions (Michels et al., 2010; 
Scheeringa et al., 2008). In light of this finding, it is likely that previous fMRI 
studies did not report a difference in negative BOLD relative to baseline which 
may produce convergent results with those reported here in the medial prefrontal 
regions. 
The object-location dissociation observed within the cuneus and 
precuneus in favor of an object greater-than location ERD has not been 
previously reported in the literature. Although, fMRI studies have implicated this 
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region in location WM tasks based on comparisons of BOLD profiles between 
object and location memory conditions (e.g., Borowsky et al., 2005; Mohr et al., 
2006; Sala & Courtney, 2007). Similarly, BOLD signals in favor of location 
memory compared to object memory has been identified in the posterior 
ITG/MTG region (e.g., Borowsky et al., 2005; Mohr et al., 2006) as reported here 
(Figure 3.7f). Comparisons between fMRI findings on VWM and the MEG 
findings reported here demonstrate convergent results across imaging methods 
which record different components of the neural signal. Accordingly, these MEG 
findings contribute to the VWM literature by providing a finer temporal resolution 
than is currently possible with fMRI and thus allowing for the detection of 
differences among location and object neural oscillations. 
A Caudal-Rostral Interpretation Using MEG 
 In this experiment, the main effect of CD conditions revealed several loci 
of location and object identity VWM dissociation. Specifically, rostral regions, 
including the anterior cingulate, the DLPFC, Ba 10, and Ba 11, exhibited greater 
amplitude (ERD or ERS) for identity memory conditions and conditions with 
multiples object identities. Conversely, a rostral region within the cuneus and 
precuneus demonstrated greater activity for location memory conditions. Taken 
together, these results do not follow a dorsal-ventral framework of location and 
object identity memory dissociation. Instead, a caudal-rostral interpretation of 
memory dissociation, similar to that observed in the fMRI experiment, is apparent 
in these findings. Accordingly, these results provide convergent evidence with the 
findings from the fMRI experiment, which also suggest a location-object 
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dissociation within a caudal-rostral framework rather than the commonly 
suggested dorsal-ventral framework. 
  
74 
 
 
 
CHAPTER 4 
DISCUSSION AND CONCLUSIONS 
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4.1  Discussion 
The brain regions and networks underlying location and object identity 
memory have yet to be robustly elucidated. Theoretically, it should be possible to 
dissociate brain networks responsible for the maintenance of locations and object 
identities using a well-controlled experiment that employs identical stimulus and 
task parameters. This was the objective of the first experiment (Chapter 2) which 
utilized a CD paradigm and fMRI to identify a functional separation associated 
with location and object identity memory networks. Similarly, the dissociation of 
location and object identity memory using the same change detection tasks and 
MEG was the objective of the second experiment (Chapter 3). These two 
experiments successfully addressed the first objective of this study. Furthermore, 
results from both experiments suggested a preponderance of activation 
corresponding to location and object identity memory extending from caudal to 
rostral regions, respectively, thus addressing the third primary objective of this 
project. To address these objectives, we directly compared four CD conditions. A 
main effect of conditions was observed in both fMRI and MEG methods which 
appear to suggest a caudal-rostral dissociation corresponding to location and 
object memory, respectively. Across conditions and imaging modalities, no 
dorsal-ventral location-object memory separation was observed in the prefrontal 
cortex (or in any other area) which is in disagreement with previous 
neuroimaging studies (e.g., Courtney et al., 1996; Jokisch & Jensen, 2007; Sala 
& Courtney, 2007), although findings from these and other studies present similar 
results which are in favor of a caudal-rostral dissociation. 
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Findings from the fMRI experiment identified several areas activated 
during the delay period. A single rostral region, occupying the left posterior 
portion of DLPFC (Ba 9), was significantly more active during the object identity 
condition than the location condition during the delay period. Conversely, a 
caudal region located in the right IPL was significantly more active during the 
location change condition than the object identity condition. Moreover, bilateral 
LOC activation was greater for location than object identity maintenance. These 
findings were in accordance with the proposed caudal-rostral separation of 
location and object identity memory. Finally, the left fusiform gyrus showed 
greater activation during object identity memory as compared to location memory 
while the right fusiform gyrus showed greater activation for the location only 
condition as compared to all other conditions. With the exception of fusiform 
activity, results from this experiment suggest a caudal-rostral dissociation for 
location and object identity VWM, respectively. 
The MEG experiment utilized the same CD conditions and task 
parameters set forth in the fMRI experiment. Results from MEG showed a 
separation, caudally, in favor of location memory over object memory in a diffuse 
medial region extending from the cuneus to the precuneus bilaterally. 
Conversely, a cluster of activation rostrally, in the anterior cingulate and Ba 10 
bilaterally, produced greater object than location activation. Several other rostral 
regions exhibited a dissociation of greater activation for conditions involving 
object information, although not necessarily requiring the memory of such 
information including the left DLPFC and a region occupying the right Ba 11. The 
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left Ba 11 cluster of activation exhibited a similar dissociation of object greater-
than location amplitude as demonstrated by the dissociation in the anterior 
cingulate. Finally, a separation of location greater-than object memory was found 
in a caudal region occupying the left posterior ITG. The regions of location and 
object memory dissociation identified in this MEG experiment suggest a caudal-
rostral dissociation of object and location memory. 
The primary hypothesis of this project posits a dissociation of location and 
object identity memory with caudal regions corresponding more to location 
memory and rostral regions corresponding more to object identity memory. 
Findings from both the fMRI and MEG experiments concur with this hypothesis.  
The change detection (CD) paradigm utilized in this study requires 
subjects to maintain visual information associated with at least five items in order 
to provide a correct response. While six items are presented during the stimulus 
display, only one item will change in the test display which follows the delay, thus 
requiring the subject to remember only five items as it may be assumed that the 
sixth item had changed if all other items remain the same. As all four task 
conditions make use of a 6-item display, the subsequent imaging analysis should 
yield active brain regions in areas associated with VWM. Conversely, if the task 
demands are great, either nothing is stored in memory during the delay or brain 
regions are engaged which are not normally associated with VWM but become 
active in order to compensate for task difficulty. Therefore, the aim is to achieve 
performance within the 80-90% range in order to prevent the task from being too 
difficult while also maximizing VWM capacity. Accordingly, performance across 
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all four conditions and both imaging modalities was similar and corresponded to 
the 80% criterion (Figure 4.1) 
  
 
Figure 4.1 fMRI and MEG Task Performance  
Behavioral performance in the fMRI and MEG scanners for each change detection condition. OR (red), 
object or location change; OBJECT (orange), object change; LOCATION (blue), location change; 
LOCATION ONLY (light blue), location only change which used a single color per trial. 
While MEG and fMRI measure different components of the neural signal, 
both directly and indirectly, we explored the relationship between these 
techniques. To further elucidate this relationship, a re-analysis of these data is 
presented here to show how these measures vary with behavioral task 
performance. Individual performance during the object identity condition was 
correlated with the activation profiles of MEG and fMRI separately using a simple 
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Pearson's correlation to test for a linear relationship. The voxels obtained from 
the fMRI analysis which produced a significant correlation (p < 0.05; df = 8) are 
illustrated in Figure 4.2. Similarly, the profile of correlated voxels for the MEG 
experiment is illustrated in Figure 4.3. To correct for spurious voxels which might 
have exhibited a significant correlation, a cluster analysis was employed with a 
threshold of 12 contiguous voxels per cluster. Regarding the MEG data which 
contained both positive and negative values, only those voxels which 
demonstrated a positive correlation between performance and the absolute value 
of the localized source are reported. Similarly, only voxels from the fMRI analysis 
which exhibited a positive correlation with performance are reported. Correlated 
regions which overlap across these two methods are labeled accordingly. 
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Figure 4.2 fMRI neural activity correlated with performance 
Neural activity from fMRI experiment correlated with performance across subjects for object change 
conditions. Correlations are significant at p < 0.05. Labeled regions: Ba 10, Brodmann area 10; Ba 9, 
Brodmann area 9; FEF, frontal eye field; IPL, inferior parietal lobule; SPL, superior parietal lobule; CUN, 
cuneus; PCUN, precuneus; pre-SMA, pre-supplementary motor area; FUS, fusiform gyrus. 
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Figure 4.3 MEG neural activity correlated with performance 
Neural activity from MEG experiment correlated with performance across subjects for object change 
conditions. Correlations are significant at p < 0.05. Labeled regions: Ba 10, Brodmann area 10; Ba 9, 
Brodmann area 9; FEF, frontal eye field; IPL, inferior parietal lobule; SPL, superior parietal lobule; CUN, 
cuneus; PCUN, precuneus; pre-SMA, pre-supplementary motor area; FUS, fusiform gyrus.. 
Activity which correlated with behavioral performance produced a similar 
profile using both fMRI and MEG methods. Specifically, the results revealed the 
fronto-parietal network frequently implicated in working memory tasks (for review 
see Wager & Smith 2003). Moreover, clusters of voxels correlating with 
performance across both MEG and fMRI were observed in brain regions 
previously implicated in VWM tasks including the insula (e.g., Borowsky et al., 
2005; Todd et al., 2011), fusiform gyrus (e.g., Courtney et al., 1996; Ungerleider 
et al., 1998), cuneus and precuneus (e.g., Sala & Courtney, 2007),  pre-SMA 
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(e.g., Petit et al., 1998), left FEF (e.g., Harrison et al., 2010; Mohr et al., 2006), 
LOC (e.g., Todd & Marois, 2004; Xu & Chun, 2006), and Ba 10 (e.g., Sala et al., 
2003). These results suggest that while both imaging techniques measure 
different aspects of brain activation, there exists overlap in the detection of 
activity within specific brain regions, particularly in the context of VWM. 
Specifically, the ERD in the theta range appears to increase as performance 
increases in all regions which overlap with the correlated fMRI clusters except for 
the pre-SMA and the left Ba 10. In those two regions, increases in ERS 
correlates with increased performance providing an analogous positive 
correlation with the one observed within the fMRI experiment.   
An fMRI study by Klingberg et al. (2002) identified the left FEF and IPL as 
regions which demonstrated a positive correlation with WM performance 
(memory capacity). A similar VWM study by Linden et al. (2003) found a positive 
correlation between behavioral performance and the BOLD response in the left  
DLPFC and the pre-SMA bilaterally. Together, these two studies suggest a 
performance-based functional network corresponding to a fronto-parietal network 
as well as the left FEF and pre-SMA. Accordingly, our findings are in agreement 
with this network across both fMRI recordings and the localization of the theta 
band of recorded MEG signals.  
Results from both fMRI and MEG experiments in conjunction with the 
correlational analysis described above reveal several findings. First, both MEG 
and fMRI measure similar profiles of activation corresponding to VWM. While this 
point may not be apparent in the fMRI and MEG results of individual CD 
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conditions, when correlated with behavioral performance, a similar network of 
brain regions emerges. Second, condition effects observed across object and 
location conditions for both fMRI and MEG suggests a caudal-rostral model of 
location-object dissociation. If the results from previous fMRI studies, which 
attempted to dissociate object and location memory, are interpreted within the 
context of a caudal-rostral model, then concordant results suggestive of such a 
model emerge. Therefore, this study provides novel evidence in support of 
domain-based memory segregation while also reporting results which are in 
agreement with previous fMRI studies. Moreover, these findings may be aid in 
disambiguating deficits associated with working memory which have been 
previously identified within specific patient populations including Alzheimer's  
disease (e.g., Carlesimo & Oscar-Berman, 1992; Kaszniak, 1986), mild traumatic 
brain injury (mTBI) (e.g., Jantzen et al., 2004; McAllister et al., 2001), autism 
(e.g., Steele et al., 2007; Williams et al., 2006), depression (e.g., Christopher &  
MacDonald, 2005; Rose & Ebmeier, 2005), schizophrenia (e.g., Gold et al., 1992; 
Walter et al., 2007), post-traumatic stress disorder (PTSD) (e.g., Galletly et al., 
2001; Weber et al., 2005), and multiple sclerosis (MS) (e.g., Covey et al., 2011; 
Litvan et al., 1988). 
The limitations of the present study are not a reflection of the study design 
but rather an issue with participant recruitment and analysis methods. While ten 
subjects were recruited for each CD condition across both fMRI and MEG 
acquisitions, the cohort for each modality and condition varied slightly. This was 
due to MEG scanning restrictions for certain subjects in regards to metal artifacts 
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(i.e., permanent retainer) and delays in between fMRI and MEG scans for certain 
subjects who were not available at later points. An identical cohort of participants 
across techniques may have provided more robust results across object and 
location memory conditions and imaging modalities. Additionally, a larger sample 
of subjects for each WM condition would have allowed for more degrees of 
freedom in the data analyses, possibly yielding additional loci of object-location 
dissociation. Moreover, this sample contained a relatively narrow age range (23-
33 years old), which may have restricted the interpretation of these findings to a 
younger age demographic rather than allowing for a general interpretation across 
all age ranges. In regards to analysis methods, different software suites between 
fMRI and MEG methods precluded the possibility of mapping source localization 
in a unitary model although sources were reported in a uniform source space 
(Talairach coordinate system) across imaging modalities. By utilizing a single 
source model for both modalities, a direct comparison on a voxel-by-voxel basis 
of MEG and fMRI data would have been possible to determine the loci of 
correlated activity across techniques.  
4.2  Future Directions 
 Characterizing the activity associated with object and location memory in 
fMRI and MEG provides a foundation upon which additional parameters of WM 
may be explored. For example, while WM workload has been explored in detail 
using fMRI (e.g., Todd & Marois, 2004), EEG (e.g., Vogel & Machizawa, 2004), 
and MEG (e.g., Robitaille et al., 2009), it has not been studied within the context 
of object and location WM. Studies employing a similar CD paradigm as the one 
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described here could further elucidate the brain regions responsible for increased 
location memory as compared to object identity memory. While a recent study by 
Harrison et al. (2010) has explored workload within each of these memory 
domains, items were presented in a serial manner which added an unaccounted 
for temporal component to the design. Furthermore, the task was limited to fMRI 
only.  
 In addition to studying object and location WM, a third component, time, 
may be studied in future experiments. The order in which stimuli are presented 
plays an important role in WM especially in the context of proactive interference 
(PI) (e.g., Shiffrin & Atkinson, 1969). Tasks similar to the one employed in this 
study may be modified to identify brain regions associated with items viewed in 
previous trials over long or short delays. This time parameter may also be 
explored within the context of object and location memory such that divergent 
functional networks correspond to the time associated with remembering specific 
objects as compared to remembering specific locations.  
4.3  Conclusions 
The studies presented in this dissertation have provided evidence that 
maintenance of VWM for object identities and locations follow a caudal-rostral 
rather than a dorsal-ventral direction. Furthermore, while multiple challenges 
associated with comparing imaging modalities exist, this study provides the first 
evidence of convergent VWM results across techniques. While findings from both 
fMRI and MEG experiments did not produce a functional dissociation following a 
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prefrontal dorsal-ventral separation, a general caudal-rostral dissociation was 
observed. The proposed caudal-rostral interpretation of location and object 
identity memory provides a novel context within which to explore the neural 
substrates of WM across imaging techniques and populations.  
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